B iochem ical and nutritional factors th at control th e grow th and division of tu m o r cells, including m acro m olecular synthesis, are very com plex. W ithin solid tu m ors th e re exist gradients of cellular n u tri en ts, fo r instance, of oxygen, glucose and am ino acids [1] . H ypoxic tu m o r cells have long been recog nized as p opulations th a t are potentially resistant to rad io th erap y [2] and also to chem otherapy [3] . In ex p erim ental tum ors hypoxic cells can com prise m ore th an 80% of the viable cells [4] . Som e tum ors m ay reo xygenate u n d er certain conditions but the ex ten t and tim e-course of reoxygenation depend on th e respective tu m o r [5] .
D uring the last years we have been interested in how ex trem e hypoxia effects tu m o r cell proliferation and how cycles o f hypoxia and reaeratio n affect their viability and proliferatio n kinetics. O ur investiga tions on the proliferatio n kinetics of in vitro grown asynchronous hyperdiploid E hrlich ascites tum or cells u n d er exclusion of oxygen have show n th at, cells w hich are in the G 1 stage at the beginning of d ep riv ation of oxygen continue to synthesize protein and increase in volum e; they accum ulate in the late G 1 p erio d but do not e n te r the S-phase un d er these conditions. D uring the first 6 -8 h of exclusion of oxygen, late S cells e n te r the G 2 period but do not divide; m ost of th e S-cells rem ain in their com p art m en t during anaerobiosis. Cells present in G 2 at the beginning of the ex p erim en t und erg o m itosis and th eir division accounts for the increase in cell n u m b er u n d er anaerobic conditions [6 , 7] ,
In th e p resen t w ork we have studied th e grow th characteristics after rea eratio n o f those cells, which w ere in th e G 2 co m p artm en t after a p erio d of 6 -8 h of d eprivation of oxygen; these cells co m p leted th eir D N A -synthesis u n d er exclusion of oxygen. T h eir cell cycle progression after rea eratio n is of special in te r est since D N A -synthesizing cells are generally m ore sensitive to dep riv atio n of oxygen [8 , 9] . O n the o th e r h an d , G 2 -phase cells w hich have com pleted replication seem to be less vuln erab le th an S cells to the critical tran sitio n from an aero b ic to aerobic conditions. O u r ex p erim en ts have show n, th a t the grow th kinetics of th ese cells are ch aracterized by an over-replication of D N A and th e fo rm atio n o f poly ploid cells, which seem to e n te r an atypical division cycle of sh o rt doubling tim e.
Materials and M ethods
All chem icals, buffers and m edia co m ponents w ere of the p u rest grade available from M erck (D a rm sta d t), Serva (H e id e lb erg ), Sigma (M unich) and B o eh rin g er (M an n h eim ). H o rse serum was a gift from the B ehring W erk e (M arb u rg ); it was essen tial ly free of m ycoplasm a. M icrocillin was a gift from B ayer (W u p p ertal-E lb erfeld ). [M ethyl-3H ]thym idine (spec. act. 42 C i/m ol) was from A m ersh am (B ra u n schweig); ethidium b ro m id e, 4,6-diam idino-2-phenylindol (D A P I) and brom o d eo x y u rid in e (B rd U ) w ere from S erva, bis-benzim id H 33258 was from R iedel de H ae n (H a n n o v er); S ulforhodam in 101 (SR 101) was from Sigma; and A rg o n /C 0 2 = 95:5 was from M esser (G riesheim ).
Cell cultivation and separation
H yperdiploid E A T cells, strain K arzel serially pas saged in fem ale N M R I m ice, w ere grown in su sp en sion culture using E ag le's m edium containing 10% horse serum , 10 mM H ep es buffer, m icrocillin (532.0 mg/1) and streptom ycin (30 mg/1). T he n u tri ents of the m edium w ere sufficient for a 24 h culture p eriod. G row th was d eterm in e d w ith the particle co u n ter of the flow cytom eter P artec PA S II or by counting the cells in a N eu b a u er cham ber. V iability of the cells was assessed by dye exclusion w ith 0 .1 % nigrosin. A fte r 1 0 -1 2 h cultivation at 37 °C (first passage in vitro) and harvesting, cells w ere tran sfe r red to fresh culture m edium . T o obtain anaerobic culture conditions the flasks w ere continuously flushed w ith A rg o n /C 0 2 = 95:5 at a rate of 60 ml/ m in. T he gas passed through a h ea te d oxygenadsorbing catalyst (R 3-11/M 3610, B A S F , Ludw igs hafen) and was th e n hum idified by bubbling through a w ater colum n at 37 °C.
Fractions w ith a high co n ten t of G 2 (4C )-and > G 2 ( > 4 C ) cells w ere obtain ed by centrifugal elutriation [10] . T he m eth o d perm its the collection of cells at different stages in the cycle by exploiting the increase in cell volum e during the cycle and accom panying changes in the sedim entation ra te , i.e. a J E -6 elu triato r ro to r w ith sta n d ard ch am b er (B eck m an, M unich). In a typical ex perim ent the ro to r was loaded w ith approxim ately 1.2-1.5 x 108 cells (4 x 50 ml cultures) at a ro to r speed of 1540 rpm and a flow rate of the elutriation m edium (H a n k 's solu tion containing 5% horse serum ) of 15 m l/m in. By increasing the flow rate (F R ), fractions containing For sim ultaneous analysis of D N A and R N A co n te n t the following p ro ced u re was applied (see also D arzynkiew icz et al. [14] ); after w ashing 2 tim es with cold H a n k 's solution ab o u t 105 cells w ere fixed in 10 ml cold eth an o l and sto red at -18 °C for 2 h. T h e re a fte r, the cells w ere w ashed with 0.9% N aCl so lu tio n , p elleted , suspended in 0 . 2 ml culture m edium and m ixed w ith a cold solution containing 0.1 % (vol/vol) T rito n X 100, 0.08 n HC1 and 0. A ll d a ta w ere sto red on h ard disc and analyzed by softw are as described in loc. cit. [15] . D ual p ara m e te r m easu rem en ts w ere essentially evaluated as described by E llw art et al. [16] .
Results

G row th kinetics o f tetraploid (4C ) cells
E hrlich ascites tu m o r cells harvested from the p erito n eal cavity of fem ale N M R I mice 5 -6 days after in oculation, w ere cultu red anaerobically for 8 h, after a first in vitro passage of 13 -15 h un d er sta n d ard conditions. By optim izing the separation p ro ce d u re , it was possible to obtain from these cultures by centrifugal elu triatio n , fractions with 80-85% G 2 cells (D N A = 4 C ) w hich in m ost cases also co n tain ed cells w ith a D N A content > 4C . The relatio n betw een phase com position and flow rate of elu triation-m edium is illu strated in Fig. 1 .
In o rd e r to first obtain inform ation on the effects of d ep rivation of oxygen on th e proliferation kinetics of the G 2 -p h ase cells after re a e ra tio n , these fractions w ere recultivated u n d er stan d ard conditions and th eir cell cycle progression analyzed by flow cyto m etric m ethods. T he results of a typical experim ent rev ealed th a t, one p a rt of the cells passes a 2 C -> 4C cycle w ith a red u ced g en eratio n tim e as com pared to asynchronous sta n d ard cultures (see below ); a sec ond p art starts to synthesize D N A w ithout a preceeding division and m oves into the 8 C com partm ent. O bviously, these cells traverse a 4 C -* 8 C division cycle. A p p aren tly th e cell cycle d istribution is the result o f tw o parallel pro ceed in g cell division cycles. T he 4 C p eak results from th e fluorescence signals of G 2 cells of th e first division cycle (2 C -* 4 C ) and of G 1 cells of th e second cycle (4 C -> 8 C). T he h isto gram s also d em o n strate th a t som e of th e G 2 
G row th kinetics o f octaploid (8C ) cells
Cells w ith a D N A co n ten t of > 4 C w ere sep arated from 13 -15 h aerobically recultivated G 2 (4C ) frac tions by centrifugal elutriation. T he relation b etw een phase com position and flow rate of the elu triatio n m edium is illustrated in Fig. 3 . It is possible to o btain fractions w ith up to 85% of cells possessing a D N A content > 4 C (S* -I-G 2 M * cells), though the yields are low. In the first elutriation step for separatio n of G 2 -enriched p opulations about 1 0 % of the an a ero b i cally grow n asynchronous cultures w ere recultivated; by the second centrifugation m axim ally 15% of the 13-15 h aerobically recultivated G 2 cells w ith a D N A co n ten t > 4 w ere sep arated . Fig. 4 . A s is show n in th e light m icrographs of sm ears of these cells (Fig. 5) , th e stru ctu re of th e nuclei of the 8 C-cell fraction is ra th e r h e te ro g e n e ous. Cells w ith only one large nucleus as well as w ith two and m ore nuclei can be discerned. T he p ro p o r tion of m ultinucleate cells was estim ated to be 35% (30% bi-, 4% tri-and 1% te tran u clea te) by m icro scopic counting. By cytom etric analysis of th e 8 C fraction before and after hypotonic tre a tm e n t ab o u t 45% m ultinucleate cells w ere d etectab le: U n d e r hypotonic conditions, a significant p o rtio n of 8 From o u r d ata we fu rth e r conclude, that the n um ber o f G 1 and S-phase cells, present in the G 2-enriched fraction at th e beginning of recultivation, influences th e p o rtio n of over-replicating cells. Possibly, this p h en o m en o n is a special case of the well know n in teractio n of cells of different com partm ents of the cell cycle [23] . In som e cases it was possible to id en tify factors, which m ediate these interactions [24] , A s was p o stu lated by several authors [17, [25] [26] [27] , the in itiatio n of D N A synthesis requires a threshold o f p ro tein -and R N A -co n ten t. This could also be d em o n strate d by dual p ara m ete r flow cytom etry for the 2 C -> 4 C cycle of th e anaerobically treated G 2 -phase cells. In co n trast, over-replicating cells begin directly D N A synthesis w ithout perceptible th resh o ld s of p ro tein -o r R N A -content. In the n o r mal 2 C -» 4 C cycle cells do not initiate D N A synthesis after they have sp en t a certain tim e in the G 1 com p artm en t b u t only after th eir pro tein (R N A ) content has attain ed a critical level. This does not seem to be tru e fo r the 4 C -> 8 C cycle; in these cells the rate (p ro b ab ility ) of exit from the G 1 com partm ent is not co rrela te d w ith th eir p ro tein -(R N A ) content.
It is well established, th at the karyotype of E A T cells is u n stab le. T he first studies on endom itotic re d uplication of these cells in vivo stem from Levan and H au sch k e [28] , w ho have already d em o n strated th a t differen t m echanism s can account for the em er gence of polyploid cells. F orm ation of binucleate cells occurs by cytoplasm atic fusion of two m onon u cleate cells o r by karyokinesis w ithout cytokinesis; te tran u clea te m ega cells em erge if this m ode of divi sion is rep e ate d . In m ost cases, binucleate cells seem to be in term ed iate stages in the developm ent of poly ploidy [29, 30] . co n ten t is p roduced by hypoxia as we have prop o sed in a previous pap er [19] and has been assum ed by Shrieve et al. [31] . R ecently, it was d em o n strated by Schim ke et al. [35] th at transient hypoxia enhances the frequency of dihydrofolate reductase gene am plification (over-replication) in C hinese ham ster ovary cells. Sim ilar effects have been seen for o th e r D N A synthesis inhibiting agents. Inhibition of D N A synthesis follow ed by a period of release from the inhibitor may increase the frequency of gene am plifi cation [32] . Irradiation [33] and N ocodazol [34] are fu rth e r factors which may provoke polyploidization.
It is quite evident th at the study of proliferatio n kinetics and biochem ical param eters of cells re a e r ated after a p erio d of anoxia has m any practical and th eo retical aspects. C ancer research and th erap y , m echanism s o f polyploidization, gene regulation and th e toxicity o f oxygen are only a few of these aspects [36] .
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